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ABSTRACT

Age estimation for opakapaka or pink snapper (Pristipomoides filamentosus) from the Hawaiian
Archipelago has been an ongoing problem because otoliths of this species lack well-developed
annual growth zones. Early growth was well documented and validation of otolith growth was
successful for the first few years of life using daily increments, but determination of age for the
largest and oldest adults was still in question. A 1983 paper by Ralston and Miyamoto
developed a model for age prediction by calculating otolith dimensions which resulted in a
maximum observed age of 18 years; however, the largest fish used in that study were less than
the maximum length for this species in the region. This age has been subsequently and
uncritically assumed as the maximum age for this species, but the 18-year estimate was based on
clearly stated assumptions and the authors cautioned against unjustified estimates of longevity
using their findings. Two methods that can provide independent estimates of age using adult
otoliths are lead-radium and bomb radiocarbon dating. In this study, longevity estimates of
opakapaka more than doubled using these methods, thus supporting the cautionary statements of
the original paper.
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INTRODUCTION
Age and Growth Estimation

The opakapaka or pink snapper (Pristipomoides filamentosus) is an important commercial fish
species found in tropical and subtropical waters, yet many of its life history characteristics
remain unknown or are incompletely described (Fig. 1). Its geographical range spans from the
Hawaiian Islands and central western Pacific Ocean, throughout the Indo-Pacific region, to the
western Indian Ocean (Fig. 2). Despite its wide-ranging distribution, age and growth
information is incomplete and results are highly variable across its range. To date, age and
growth for this species has been studied from the Seychelles, Papua New Guinea, Mariana
Islands, and the Hawaiian Islands using numerous age estimation techniques with a few limited
forms of age validation.

One of the earliest age and growth works on P. filamentosus was performed on otoliths from fish
collected in the Northwestern Hawaiian Islands (NWHI). This investigation identified daily
growth increments apparently correlated to perceived annual growth zones (Uchiyama and
Tagami, 1984). The authors concluded the first few years were validated from daily increment
counting, but the relationship beyond 3 years was in question. A von Bertalanffy growth
function (VBGF) was fitted to these limited data and resultant growth parameters indicated
opakapaka were a fast growing and short-lived species with a maximum estimated age of 5
years. Uchiyama and Tagami (1984) were also careful to compare their preliminary findings to
two other studies in progress at the time, each of which had estimates of maximum age greater
than their findings (Ralston and Miyamoto, 1983; Radtke, 1987).

Ralston and Miyamoto (1983) developed a method that uses numerical integration of daily
increment widths as a model for age prediction by calculating otolith dimension. The method
addressed problems that were observed by Uchiyama and Tagami (1984) by providing measures
of otolith growth from readable segments of the sectioned otolith axis. The method also
accounted for changes in otolith growth with age; especially significant was the reduced growth
rate with increasing age and the onset of maturity. A slowing of otolith growth past maturity and
perceived limits to the application for the largest and oldest fish were documented. The oldest
age determined in the study was 16.6 years, but the size of this fish (685 mm FL) was
considerably less than the maximum size reported for opakapaka from the Hawaiian Islands (800
mm FL; Uchiyama and Kazama, 2003).

Radtke (1987) took a different position on the interpretation of daily growth increments than was
described by Ralston and Miyamoto (1983). In that study, several novel techniques were applied
to elucidate daily increments in the otoliths of P. filamentosus. Otoliths from 10 fish, selected to
cover most of the length range of P. filamentosus, were examined for daily increments using
scanning electron microscopy (SEM). To differentiate from Ralston and Miyamoto’s position
(1983), Radtke (1987) applied sequential surface etchings to enumerate a presumably complete
count of all daily increments in each of the otolith samples. Ralston and Miyamoto (1983)
argued that daily increments could not and should not be resolved past a certain size or age
(apparently related to maturity), while Radtke (1987) deemed all daily increments were
resolvable with the method used, even for the largest fish. However, even though abrupt changes



in increment width were observed, cessation or slowing of otolith growth after maturity was not
acknowledged and no validation was performed. Fish age was ultimately determined by all daily
increments for a maximum age of ca. 6.1 years for a 720 mm FL fish (Radtke, 1987).

Each of these early studies provided very different interpretations of age for adult
P. filamentosus, all of which were collected from the NWHI at a similar time period, yet there
was near consensus on the rate of growth in the first few years (Fig. 3). A more detailed study of
the earliest growth further supported these findings by validating daily increment counts for 0+
and 1+ juvenile fish (DeMartini et al., 1994). These data, coupled with the length-at-age
determined by Ralston and Miyamoto (1983), provided an opportunity for more comprehensive
growth modeling, albeit length-at-age was still not available for the largest fish (Fig. 4). Similar
to these findings was the resultant growth rate from a length frequency analysis of juveniles
collected from off Kaneohe Bay, Oahu (Moffitt and Parrish, 1996).

The results from other age and growth studies removed geographically from the Hawaiian
Islands have also been complicated by methodological limitations. Ralston and Williams (1988)
continued the application of daily increment integration to P. filamentosus collected from the
Mariana Islands. The study provided estimates of growth up to approximately 6 years using both
otoliths and length frequency analysis, each providing only rough estimates as a result of low
sample size. In addition, maximum size reported in the study was considerably smaller than
elsewhere at 640 mm FL. In a study of P. filamentosus from Papua New Guinea, annual growth
zones were observed and quantified for a maximum observed age of 12 years (Fry et al., 2006).
The estimates in the study could not be validated with otolith edge analysis, and age estimates
based on growth zone counts were not well defined (G.C. Fry, CSIRO, Australia, pers. comm.).

Age and growth studies on the Seychelles fishery are the next most extensive relative to the
Hawaiian Islands, and results are once again highly variable (Fig. 5). Two management-related
studies focusing on stock assessment and potential fishery yield reported estimated growth
parameters for P. filamentosus, based on length-frequency analyses (Mees, 1993; Mees and
Rousseau, 1997). These analyses indicated growth was more rapid than most other age and
growth studies; however, adult age structure and maximum age could not be determined because
results from such an analysis are limited to the earliest growth—once asymptotic length is
reached or even approached, age classes related to changes in fish length are lost. In an
assessment of otolith sections for lunar cycle influences, age and growth were estimated in a
report lacking important details (Hardman-Mountford et al., 1997). Assumptions were made
with respect to the periodicity of zone formation with no investigation of daily increment
formation to validate lunar periodicity. It is uncertain what the range of fish lengths were for the
study; however, results from a study using lunar increments must be qualified as limited to the
earliest growth and juvenile fish (e.g., Campana, 1984). In a thorough investigation of otolith
sections from P. filamentosus, age was estimated from putative annual growth zones up to 30
years (Pilling et al., 2000). An attempt to validate the annual periodicity of the growth zones
using marginal increment and edge analysis was unsuccessful. This study was the first to report
age from otolith sections using presumed annual growth zone counts through maximum fish
length, although the counting of zones was deemed very difficult (G.M. Pilling, CEFAS, UK,
pers. comm.).



Age estimation for the largest P. filamentosus has been an ongoing problem for the development
of reliable and consistent growth parameters (Table 1). As a result of the wide range of
questionable age and growth results, potential growth trajectories for this species are numerous
(Fig. 6). Aside from rough estimates of age from the Seychelles based on putative annual growth
zones, no age estimates are available for the largest fish. Because Ralston and Miyamoto (1983)
provided some of the most rigorous evidence for proper growth modeling of P. filamentosus, a
maximum estimated age was determined anonymously from the published growth function.
Based on fish length attaining 90% of the asymptotic length, an estimate of 18 years was derived
and has been reported as the maximum age for this species (e.g., Manooch III, 1987). However,
this estimate was based on a method that: 1) made assumptions about otolith growth during adult
stages; 2) was not applied to the largest fish sizes; and 3) should be independently tested based
on limitations of the method at great ages (Morales-Nin, 1988; Stevenson and Campana, 1992).
In addition, Ralston and Miyamoto (1983) warned against using the information for estimating
maximum age by stating, “extrapolation [...] may be an unrealistic exercise and growth rates of
large fish may in fact be overestimated.” Based on the previously mentioned studies and recent
PIFSC laboratory observations, it is evident that opakapaka otoliths from the Hawaiian Islands
lack well-developed, annual growth zones. Hence, it is important to apply age validation
techniques that can address the issue of adult age, growth and longevity in order to develop
accurate life history parameters that can be used in stock assessments and effective management
plans.

Age Validation

Age validation techniques for fishes range widely in efficacy and precision (Campana, 2001).
Techniques that rely on establishing a temporal context to early growth by measuring changes in
otolith growth zones or fish length require an extrapolation of the early growth findings to larger
and older fish for which growth increment or length mode resolution has been lost (e.g., Mace et
al., 1990; Mees and Rousseau, 1997). In addition, daily increment and marginal increment
analyses (MIA) and length frequency analysis are graphical and subjective; the techniques
cannot test the accuracy of age data directly because they do not generate an independent
measure of age. Alternatively, known age of fish of captive rearing can be compared with ages
estimated independently by otolith readers, or the marking and recapturing of older fish can be
conducted. Both methods generate known measures of time (a period that is usually only a
portion of the lifespan) and allow the use of probability-based statistical techniques to test and
measure accuracy; however, marking, tagging, and laboratory conditions can modify growth and
survival, generating error with respect to the population. Moreover, both techniques are
logistically complex for large fishes, often do not cover early life, and involve long delays in the
acquisition of late-life data (e.g., shark tag data from 1962 to 1993; Kohler et al., 1998). Hence,
methods to measure age of the largest and oldest fish directly are of great importance. Advances
in the use of radiochemical proxies for age have provided opportunities for independent age
determination of fishes, and the primary techniques currently in use are bomb radiocarbon (**C)
and lead-radium dating. These methods of age validation can function as independent measures
of age, but the applicability of each technique is limited by a number of considerations. An
application of both age validation methods to a single species, however, can provide



complementary findings, both of which can provide age estimates that do not rely on previous
estimates of age, assuming that the specific requirements of each method can be met.

Lead-radium Dating

Lead-radium dating is a geochronological technique that has been used to date recent geological
formations, such as accretionary carbonates (e.g., Condominesa and Rihs, 2006). Use of this
system as a chronometer relies on the decay of the relatively long-lived radioisotope radium-226
(***Ra), a naturally occurring product of the uranium-238 (***U) decay series (Fig. 7), to the
relatively short-lived granddaughter product lead-210 (*'°Pb). Because the half-life of radium-
226 is much greater (~ 1600 years) than lead-210 (22.26 years), the disequilibrium of the lead-
radium system can function as a natural chronometer as lead-210 builds into equilibrium with
radium-226. Once radium-226 is incorporated and isolated by some kind of structure (e.g., the
crystalline lattice of a fish otolith), it is the ingrowth of lead-210 activity relative to radium-226
activity that provides a measure of time. In an ideal system there would be no exogenous source
of lead-210, and the lead-radium ratio would increase purely from ingrowth. This ingrowth
would exponentially approach a ratio of 1, at which time the rate of lead-210 decay would be
equal to the rate of lead-210 ingrowth from radium-226 (Fig. 8). In this line of research, it is the
radioactivity (often expressed simply as "activity") of each isotope that is measured in decays per
minute (dpm) per unit mass (g), expressed as dpm-g'l. This dynamic equilibrium is called
secular equilibrium and is achieved to within 1% in a period of 156 years or seven lead-210 half-
lives.

For fish, lead-radium dating depends on the incorporation of radium-226 from the aquatic
environment, where it is naturally sequestered into the otolith carbonate matrix. Radium-226
subsequently decays to lead-210 over time at a well-defined rate and is conserved with time
(Andrews et al., 2009). The otolith lead-radium system can be used to provide a radiometric
estimate of age, based on the disequilibrium within the first year or few years of growth (i.e.,
within the otolith core). This tool is unique because any processes other than the passage of time
do not regulate it. Given a measured lead-radium activity ratio from otolith core material, an age
can be estimated within the margin of uncertainty from the measured quantities (Smith et al.,
1991; Panfili et al., 2002). This kind of information can serve as a form of age validation for
other age estimation methods (e.g., growth zone counting), but it can also provide age estimates
where no other information is available.

The feasibility of lead-radium dating otolith material depends heavily on the levels of radium-
226 uptake and the mass of the otolith core. For a successful application to work on small
quantities of otolith material radium-226 levels need to be either relatively high, or otolith
material of sufficient sample mass must be available (typically pooled otolith cores). Measured
levels of radium-226 from otoliths of marine fishes can vary by approximately two orders of
magnitude (~ 0.01 to 1.0 dpm-g™'; see Andrews, 2009 for a chapter dedicated to radium-226 in
otoliths). The range of applicability can be demonstrated with two age and growth papers:
bocaccio rockfish (Sebastes paucispinis; Andrews et al., 2005) and Atlantic tarpon (Megalops
atlanticus; Andrews et al., 2001). The bocaccio rockfish study exemplified the limits of
detection and applicability by providing only rough estimates of age; the levels for radium-226



(consequently lead-210) were too low to provide a reasonable margin of error associated with the
calculated activities and radiometric age. Conversely, the Atlantic tarpon study exemplified use
of low sample mass for meaningful lead-radium dating because radium-226 levels were some of
the highest reported from otoliths; as a result of this and a large otolith core, ages were estimated
for individual tarpon using lead-radium dating.

Bomb Radiocarbon Dating

Bomb radiocarbon dating is a technique that has evolved as a unique application in the age
validation of fishes and invertebrates. The approach relies on a conserved record of the rapid
increase in radiocarbon that occurred in the oceans of the world as a result of atmospheric testing
of thermonuclear devices in the 1950s and 1960s (Broecker and Peng 1982). The uptake of
bomb-produced radiocarbon by the marine environment, reported as delta carbon-14 (A'*C) in
reference to an established pre-nuclear radiocarbon record (Stuiver and Polach, 1977), was
virtually synchronous in the mixed layer of mid-latitude oceans and this signal was first recorded
from marine carbonates in hermatypic corals (Druffel and Linick, 1978). This time-specific
signal provides a reference period that can be used to determine age. Applications to fishes
began with an innovative comparison of A"™C values recorded in otolith carbonate relative to
regional A"C records from hermatypic corals (Kalish, 1993). In this and other studies, measured
A'™C levels provided an independent determination of age for corroboration of ages estimated
from counts of growth zones in otoliths (Campana, 1997; Kalish et al., 2001). Bomb
radiocarbon dating has since been applied successfully as an age validation tool in numerous
teleost ageing studies using otoliths (e.g., Andrews et al., 2007; Ewing et al., 2007; Neilson and
Campana, 2008) and has expanded to other calcified hard parts in marine organisms ranging
from calcareous algae and invertebrates to toothed whales (e.g., Frantz et al., 2005; Roark et al.,
2006; Stewart et al., 2006; Kilada et al., 2007).

Bomb radiocarbon dating has limitations in terms of application and resultant age resolution.
Use of bomb radiocarbon dating in the marine environment is limited to the period of rapid
increase in A'C, typically between approximately 1955 and 1967. It is the agreement of the
measured A'*C values from the species with age in question with a reference A'*C time-series
that becomes a form of age validation. Hence, the utility of this approach for determining age or
lifespan is limited to the difference between the collection year and informative period of the rise
in A™C. In addition, an appropriate regional reference time series is necessary for calibration of
measured A'*C values because regional uptake of radiocarbon can vary considerably (e.g.,
Druffel, 2002).

Study Objectives

In this study, lead-radium and bomb radiocarbon dating were used to address questions about the
age, growth and potential lifespan of P. filamentosus. Can the age of
P. filamentosus adults be determined using lead-radium and bomb radiocarbon dating and does
longevity exceed the maximum estimated age of 18 years? In addition, can age be determined
for smaller P. filamentosus using these methods and will length-at-age be similar to ages



determined toward the upper limit of the numerical integration method used by Ralston and
Miyamoto (1983)? Given successful age estimations from these methods, can a revised VBGF
be determined for P. filamentosus across all size classes utilizing the best available length-at-age
data? As a corollary to the project, otoliths from juvenile fish collected one to two decades prior
to processing provided a unique opportunity to test the closed system assumption required in
lead-radium dating, an issue that is addressed by Andrews et al. (2009).

MATERIALS AND METHODS
Lead-radium Dating Feasibility

Developing an effective sample design is reliant upon estimating the limitations of lead- radium
dating with application to P. filamentosus otoliths. The most important considerations were: 1)
individual and collective sample mass availability for juvenile whole otoliths and adult otolith
cores; 2) the potential radium-226 activity for otoliths from the region; and 3) the total sample
age (estimated age plus time since capture). In most cases, a second otolith from each fish was
left for other research opportunities (i.e., bomb radiocarbon dating). To make an initial
assessment of lead-radium levels, a preliminary analysis of whole otolith material from juvenile
opakapaka otoliths of known age was used to provide a baseline for the study.

Two juvenile groups of otoliths were pooled from collection years that differed by 10 years
(Appendix A). The aim of this portion of the study was to not only determine baseline levels of
radium-226 but also to test the closed system assumption for otolith material by measuring the
lead-radium ratio from otoliths of known age (collected 11 years and 21 years prior to analysis;
Table 2). Initial sample masses were chosen to provide a good indication of lead-210 and
radium-226 activity, given a best guess at the lowest case scenario. Radium-226 activity in
otolith material is typically 0.03 to 0.05 dpm-g” (Andrews, 2009). Based on this estimate, a
minimum of 0.5 grams of core material was targeted for each group to collect sufficient activity.
Otolith readers at the Pacific Islands Fisheries Science Center made age estimates for the
juvenile groups previously. It was well supported that age was less in question for the smallest
fish based on validated length-at-age data for early growth studies (i.e., Ralston and Miyamoto,
1983; DeMartini et al., 1994). These sample groups were processed first to provide information
necessary for the application of lead-radium dating to adult otoliths.

The composition of adult otolith groups was determined based on the lead-radium dating of the
juvenile otolith groups and the availability of otoliths from fish of similar sizes (Appendices B-
D). Dimensions and the mass of juvenile otoliths, with measured radium-226 activity (provided
later), were considered relative to what could be extracted as an otolith core from adult fish
otoliths. The mean dimensions and weight from the 14 juvenile otoliths (OP 1987), 11.4 mm L
x 7.0 mm W % 1.2 mm T and 0.088 g, were used as a target for coring the adult otoliths. This
sample size was chosen as a balance between: 1) a required sample mass exceeding 1 g (based
on radium-226 activity); and 2) the number of samples available in the size class for the
collection period. The first set of otoliths was from the largest fish available (n = 16) from
collections made in 2007-2008, and age was not known or estimated in any manner (OP 700+;
Table 2). All were collected within a year of each other with similar fish length used as a



criterion for grouping, resulting in slightly more than 1 g of total core material. Each core was
extracted by: 1) grinding on a lapidary wheel to the shape of a juvenile otolith; and 2)
microscopic comparison of the core to two reference 2+ otoliths collected in 2008. Growth
zones and the nuclear region visible within the otolith in hand were used to verify the concentric
structure of each core to the first few years of growth. Subsequent to the findings from the first
adult otolith age group (OP 700+), two additional adult otolith groups were selected from the
same collection years in smaller size classes to determine the age (OP 600-610 and OP 660-680;
Table 2). Coring of the otoliths followed the same protocol stated above and each resulted in
slightly more than 1 g of cored otolith material.

Radiochemical Protocol

A detailed protocol describing sample preparation, chromatographic separation of radium-226
from barium and calcium, and analysis of radium-226 using mass spectrometry has been
described elsewhere (Andrews et al., 1999b). These procedures have not changed for this study,
except for two aspects of the analysis: 1) radium recovery was improved by shifting the
collection interval on the final chromatography column to begin at 200 uL (as opposed to 250
uL); and 2) purified radium samples were analyzed using an improved ICP-MS (Inductively
Coupled Plasma Mass Spectrometry) technique. Other than these details, only an overview of
the radium-226 procedures is given here together with details on the determination of lead-210
activity. Because the levels of radium-226 and lead-210 typically found in otoliths are extremely
low (femtograms [10™" g] for radium-226 and attograms [107"* g] for lead-210) and the great
potential for contamination from various sources were possible, trace-metal clean procedures and
equipment were used throughout sample preparation, separation, and analysis. All acids used
were ultra-pure, double distilled (GFS Chemicals®) and dilutions were made using Millipore®
filtered Milli-Q water (18 MQ cm'l).

Dried and weighed samples were dissolved in TFE beakers on hot plates at 90°C by adding 8N
HNO; in 1-2 mL aliquots. Several alternations between 8N HNO; and 6N HCI, with an aqua
regia transition, resulted in complete sample dissolution. The dried sample, after dissolution,
formed a yellowish precipitate. To reduce remaining organics (otolin), agua regia transitions
were continued until sample color became nearly white when dry. To put the residue into the
chloride form required for the lead-210 activity determination procedure, the samples were
redissolved in 1 mL 6N HCI and taken to dryness five times at 90-120°C. A whitish residue
indicated that sufficient amounts of the organics had been removed. Lead-210 activity was
determined from these samples prior to ICP-MS analysis for radium-226.

To determine lead-210 activity in the otolith samples, the a-decay (alpha-decay) of polonium-
210 (*'°Po) was used as a daughter proxy for lead-210. To ensure that activity of polonium-210
was solely a result of ingrowth from lead-210, the time elapsed from fish capture to polonium-
210 determination was greater than 2 years, with the exception of the adult age group; because
the adult age group consisted of otolith cores, the 2-ear waiting period was not necessary.
Samples prepared for polonium-210 analysis were spiked with polonium-208, a yield tracer. The
amount of polonium-208 added was estimated based on observed radium-226 levels present in
other species of deepwater fishes (Andrews, 2009) or in previously analyzed opakapaka



specimens of this study. This amount was adjusted to approximately 5 times the expected
polonium-210 activity in the otolith sample to reduce error in the lead-210 activity
determination. The spiked samples were redissolved in approximately 50 mL of 0.5N HCl on a
hot plate at 90°C covered with a watch glass. The sample polonium-210 and polonium-208-
tracer were extracted proportionally through an auto-deposition process for 4 hours using a silver
planchet. The activities of these isotopes were determined using a-spectrometry on the plated
samples. Additional procedural and system details are described elsewhere (Andrews et al.,
1999a). The solution remaining after polonium plating was dried and saved for radium-226
analyses.

To prepare the samples for radium-226 activity determination, each sample was spiked with
radium-228, a yield tracer, and an ion-exchange separation technique was used to separate
radium from calcium and barium (Andrews et al., 1999b). The purified samples were processed
using ICP-MS, and the measured ratios of radium-226:radium-228 were used to calculate
radium-226 activity in the samples.

Lead-radium Dating
Age was estimated from the measured lead-210 and radium-226 activities (Equation 1). Because
the activities were measured using the same sample, the calculation was independent of sample

mass. Radiometric age was calculated for whole juvenile otoliths using the following equation,
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tage = TAZ% 9 (Eq 1)

where t,,. Was the radiometric age at the time of analysis, Asjo was the lead-210 activity at time
of analysis, Ay was the radium-226 activity measured using ICP-MS, and A was the decay
constant for lead-210 (Smith et al., 1991). The age of the adult sample was determined taking
into consideration the core age gradient (Smith et al., 1991). A radiometric age range, based on
the analytical uncertainty, was calculated for each sample by using error propagation through the
final age determinations (2 SE). Calculated error included the standard sources of error (i.e.,
pipetting, spike and calibration uncertainties, etc.), a-counting statistics for lead-210 (Wang et
al., 1975), and the ICP-MS analysis routine.

In order to provide a tangible representation of how radiometric age determinations compare
with expected lead-radium ratios from different age scenarios, each age group was given a rough
estimate of length-at-age from Ralston and Miyamoto (1983). These hypothetical age estimates
were used in a lead-radium ingrowth plot to better differentiate measures of age (Fig. 8). Proper
alignment of the measured ratios with the ingrowth curve was used to estimate age with a
precision based on the propagated error and analytical uncertainty of numerous factors in the
radiochemical processing (e.g., radioisotope tracer, weighing, instrument error, etc.) using the
delta method (Wang et al. 1975).



Bomb Radiocarbon Dating Feasibility

To prepare for the bomb radiocarbon dating of P. filamentosus in the Hawaiian Islands,
appropriate reference A'*C records were documented for a potential comparison with measured
levels in otoliths of P. filamentosus specimens. The applicable bomb radiocarbon records in the
Hawaiian Islands were from hermatypic coral cores taken from Kahe Point, Oahu and Keauhou
Bay, Kona, Hawaii in the main Hawaiian Islands to French Frigate Shoals in the central-eastern
portion of the Northwestern Hawaiian Islands (Fig. 9). The Kahe Point coral is a fragmentary
A'C time series that only documented the peak and post-bomb decline from 1970 to 1979 and it
is of little use in the age determination of fish in this study, but can provide a regional reference
for peak A"™C values (Druffel, 1987). The coral from Kona was initially an incomplete record
for the bomb radiocarbon signal and ranged from 1893 to 1966, nearly midway through the rise
in A'™C (Druffel et al., 2001). This record was recently supplemented with a more thorough
sample series spanning approximately from 1946 to 1992; these data have not yet been formally
published, however, and were gleaned from a study of Hawaiian deep-sea corals (Fig. 8 of Roark
et al., 2006). For the purpose of this study, these data were roughly digitized from the Figure 8
plot of Roark et al. (2006) to provide a more complete time series for the MHI. The coral A'*C
record from French Frigate Shoals (FFS) is nearly complete in terms of the rise in A'*C and
spans the period from 1958 to 1978 (Druffel, 1987). However, for the record to be complete, the
carliest portion should include a few years of pre-bomb A'*C levels to provide a regional
baseline. Because each of these A'*C records was incomplete, reasonable assumptions were
made to develop comprehensive records for the Hawaiian Islands.

The records for peak A'*C levels were greater for FFS by 15-20%o (ppt) when compared to the
MHI records and needed to be considered separately in this study, assuming that P. filamentosus
specimens from the MHI and NWHI remained in those regions through ontogeny (Fig. 10).
Hence, the AMC reference record for the MHI was a combination of both Kona records and the
fragmentary Kahe Point record. For the NWHI, the record was a combination of two additional
resources that required some assumptions. First, the pre-bomb A'"C levels that were not
measured for FFS were assumed to be similar to the Kona record. This is likely a valid
assumption based on the similarity of other mid-latitude, subtropical A'"*C records (Druffel,
2002), but this assumption should be tested using a future reference time series from the region.
Second, the decline in the A'*C record past 1978 for the region was also not known; Druffel et al.
(2008), however, documented a monotonic decline of A'*C record past 1978 for the region was
also not known; however, Druffel et al. (2008) documented a monotonic decline of A'C in
regional seawater at a rate of approximately 2%o per year. This rate of decline was used as a
potential reference for discriminating between early or late A'*C values from otoliths that may
approach FFS peak values. In support of this notion, a single juvenile opakapaka otolith from a
174 mm FL fish, collected in 1981 from FFS, was tested for A'*C. This sample provided a
reference value (166.9%o) that was similar to the value predicted by the hypothesized decline in
A"™C (Fig. 10). This rate of decline was considered conservative and could be more rapid based
on the decline in the Kona record. Hence, the calculated rate of decline (2%o per year) was used
as a reference in calibrating age from measured A'*C levels in otoliths of P. filamentosus from
the NWHI.



A comparison of measured A'*C levels in otoliths of P. filamentosus specimens with the
regionally specific A'*C reference records for age determination was deemed feasible, based on
the findings of the lead-radium dating (no prior age estimates were available). The lead-radium
dating results indicated that fish in the first adult group (OP 700+) were old enough to have birth
years in the informative region of the reference records (between 1955 and 1970). In most cases,
one otolith was used for each fish in the lead-radium dating, leaving the second otolith for
possible bomb radiocarbon dating. Otoliths were selected from this group for bomb radiocarbon
dating in order to avoid between-fish variation (Appendix E). These samples were collected
from the MHI and the NWHI in 2007-2008. In addition, otoliths from an archival series
spanning a collection period of 10 years were selected for bomb radiocarbon dating of smaller
and younger fish (Appendices E-H). These latter samples were collected from the NWHI
(Necker Island to Laysan Island; n = 35) and from the Mariana Islands (n = 4). The Mariana
Island samples were also compared to a A'"*C record from Okinawa, Japan because of its more
westerly position and potential oceanographic similarity (Konishi et al., 1981). Otoliths were
selected from the archival series using rough estimates of age, based on fish length and otolith
wei%lt and the potential for the otolith to provide a birth year in the informative period of the rise
in AC.

Radiocarbon Analysis Protocol

Core material from the selected otoliths was extracted using a micromilling machine. Because
otoliths had been stored for several decades in various manners, individual otoliths were cleaned
using a succession of 70% ethanol, mild detergent, weak acid, and DI-water. The detergent, acid
and water cleaning steps included sonication for several minutes, with repetition dependent on
otolith appearance. Otoliths that appeared satisfactorily cleaned were air-dried overnight prior
to mounting for milling. Whole otoliths were mounted on glass slides with the sulcus side down,
making the distal surface accessible for core extraction by micromilling. Cytoseal® was used as
an adhesive and was allowed to cure for several days prior to further preparation. Because the
adult otoliths accrete a small amount of otolith material onto the distal side of the otolith, wet
hand grinding using 320- to 1000-grit, carbide wet-dry sandpaper was performed to expose the
earliest otolith growth. The first few years of growth were clearly visible, as grinding proceeded
and the concentric growth zone structure was used as a guide in exposing the core. Milling
proceeded as an extraction of the smallest core structure visible, using as a template a small,
crenulated otolith outline that was slightly more opaque than the additional otolith growth layers.

Extraction of the otolith core utilized the computer-automated capabilities of a New Wave
Research® (ESI-NWR Division; Fremont CA 94538 USA) micromilling machine (Fig. 11). A
0.5 mm diameter Brassler® (Savannah, GA 31419 USA) bit was used to drill an overlapping
surface scan within the oval dimensions of 2.8 mm long by 1.8 mm wide. The surface scan was
a guided extraction that conformed to the uneven surface structure of each otolith. A depth of
400 um was extracted with two passes of the scan at 200 um each. These dimensions were well
within the 1-year-old otolith dimensions and liberated a sample mass near 3 mg (Appendices E-
H). The extracted samples were submitted to the National Ocean Sciences Accelerator Mass
Spectrometry Facility (NOSAMS) at Woods Hole Oceanographic Institution (WHOI) in Woods
Hole, Massachusetts for routine radiocarbon analyses.
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Radiocarbon measurements were reported from NOSAMS as the Fraction Modern (Fm), which
was used to calculate A'*C with a correction for natural isotopic fractionation. Fraction Modern
is the measured deviation of the '*C/"*C ratio from a “modern” sample. This internationally
agreed upon definition is defined as 95% of the radiocarbon concentration of the NBS Oxalic
Acid I standard (SRM 4990B) normalized to 81C (VPDB =
-19%0) in 1950 AD (Olsson 1970). Samg)les were initially normalized to -25 per mil using the
8'3Cvppgs and later adjusted to the mean 813C value from nine P. filamentosus otoliths (mean s13C
= -4.9%0); the nine samples that were used to generate 8'°C values used the sample specific 5'°C
values (Appendices E-H).

The calculated A"C values reported in this study were also corrected for age, or time of
formation, based on a roughly estimated birth year. Because age was not known or estimated
prior to the radiocarbon analysis, a retrospective estimate was generated based on the initial A'*C
value and its known proximity in time relative to the reference A'*C records. This kind of
adjustment has been deemed better than no correction (pers. comm., E.R.M. Druffel, University
of California, Irvine). Each region (MHI and NWHI) had slightly different criteria for the age
correction because of differences in the amplitude of the rise in A'*C.  The year used in the
corrections were based on a A'*C criterion as follows (Appendices E-H):

MHI birth year adjustment criteria:

1950 for A'*C < -46%o (pre-bomb)

1961 for A'*C -46 to 110%o (rise)

1978 for A'C >110 to <135%o (widely defined)
1974 for A'C 135 to 167%o (near peak)

NWHI birth year adjustment criteria:
1950 for A'*C < -46%o (pre-bomb)
1963 for A'*C -46 to 165%o (rise)
1972 for A'*C >165%o (near peak)

The reason for such corrections is to provide a A'C value that takes into account the decay that
has taken place between the approximate time of death and the time of measurement; hence, the
same calculated A'*C would result for any given measurement time.

Bomb Radiocarbon Dating

Estimates of age were determined by projecting the measured A'*C values back in time from the
measurement date to the regional A'*C reference series. First, a birth year was estimated based
on the correlation of the measured A'*C value with the regional A'*C reference curves, which
were initially attributed to a general region of the curve (pre-bomb, bomb rise, peak, or post-
bomb decline). For pre-bomb levels, a minimum birth year and age were estimated based on the
last year the level was measured, plus a nominal uncertainty of approximately 1-2 years. Levels
measured near the regional peak in A'*C were assigned an age range that could be attributed to
time the region held those levels of A"™C. For samples between the peak and upper part of the
rise in A'*C, complications with birth year classification developed because of the similar levels
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measured later in time. For the MHI, samples could be classified as either on the upper rise or
the post-bomb decline based largely on the roughly digitized Kona coral record from Roark et al.
(2006). Age determined from the rise in A'*C had a nominal uncertainty of +1 to £2 years,
depending on the proximity to peak levels. The same samples were also given a Kona record
decline-age with a nominal uncertainty of +3 years because the Kona decline rate was more
gradual. For the NWHI, samples were treated in a similar manner relative to the greater
amplitude of the FFS record. The post-bomb decline was not measured, however, and other
proxies were used to estimate the decline rate (see Bomb radiocarbon dating feasibility section
above for details). Based on this estimated rate of decline, birth years and ages were calculated
with a nominal uncertainty of 3 years earlier in time. This was chosen because the decline rate
was likely to be a conservative upper limit. Furthermore, some archived samples were collected
either prior to, or too close to, the estimated post-bomb decline for useful age estimation.
Therefore, these samples were only assigned a birth year and estimated age from the upper rise
portion of the A'*C reference record. Samples that could be placed on the bomb rise period were
diagnostic and were assigned an age with a narrow uncertainty of +1 year. These data, coupled
with the archive samples classified as upper rise, were used later to generate length-at-age
estimates for developing a revised VBGF.

Modified Growth Function

Parameters of a VBGF for opakapaka in the Hawaiian Archipelago were estimated for this
report. The VBGF was estimated using the most reliable age data, which included the
collections of length-at-age data from Ralston and Miyamoto (1983), DeMartini et al. (1994),
and the length-at-age data developed in this study. This combined data set consisted of a total of
136 length-at-age samples with lengths ranging from 84 mm to 768 mm and ages ranging from
0.35 years to approximately 46 years (mean lead-radium maximum age). Variability in length-at-
age estimates among the age reading methods for the combined data set was assumed to be
similar for fitting the VBGF.

Maximum likelihood estimates of the parameters of the VBGF were estimated using nonlinear
regression under two alternative assumptions about the variability in the observed length-at-age
data (e.g., Brodziak and Macy, 1996). The first assumption was that the observation error about
the VBGF was additive and normally distributed with zero mean and constant variance across
ages. The second assumption was that the observation error about the VBGF was multiplicative
and lognormally distributed with mean equal to 1 and constant variance across ages, along with
an approximate bias correction multiplier of exp(6%/2) for L., where o is the residual variance of
the regression fit.

The two error assumptions differed in how individual fish length-at-age varied about the mean
growth curve. Under the additive error term, the error in predicting individual fish length-at-age
was invariant with respect to age. In contrast, under the multiplicative error term, the prediction
error in size at age scaled with fish age, which implied that there was more variability in
predicted size at age for older fish. We compared the fits of the VBGF under the two
assumptions using the pseudo-R* for nonlinear regression where the pseudo-R* was calculated as
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one minus the ratio of the residual sum of squares to the corrected total sum of squares for the
model.

RESULTS
Lead-radium Dating

Both juvenile sample groups provided baseline information on radium-226 and provided reliable
data for testing the closed system assumption. The juvenile sample group from 1987 provided a
sample mass exceeding 1 g and was the most promising in terms of measuring radium-226
across the range of possibilities (Table 2). The more recent sample group from 1997 to 1998 was
younger in terms of fish age (1+ vs. 2+ years) and provided less mass, despite having more
otoliths, because otoliths were smaller. As expected, the activity of radium-226 was near 0.03
dpm-g” (Table 3). Sample group OP 1987 provided the greater precision relative to OP 1997
because sample mass was greater. Nonetheless, meaningful lead-210 and radium-226 activities
were acquired from both samples (Table 3). Because the logistics of sample processing for lead-
radium dating led to measurement of lead-210 (polonium-210 by proxy) before radium-226
determinations, it was determined early in the study that sample activities were at viable
counting levels on the alpha-spectrometer with four to six counts per day. Radiometric age
closely agreed with the known age of each juvenile age group (Table 4). The total sample age
was calculated based on the average time since collection for each group plus half the average
estimated age for the otoliths within each group to compensate for the ingrowth gradient for
lead-210:radium-226 that would form for the first 1-2 years of growth. Comparison of the
known age of each sample with the expected ingrowth model provided evidence to support: 1)
the conservation of the lead-radium system isotopes during long storage times and the closed
system assumption; and 2) the accurate determination of age for core material extracted from
adult otoliths (Fig. 12). From this information, an application of lead-radium dating to adult
cored otoliths was deemed feasible.

Adult otoliths selected from fish in three length-groups were cored and analyzed for lead-210
and radium-226 activity. The resultant otolith core groups weighed from 1.1508 to 1.5538 g and
all consisted of 16 otoliths each (Table 2). Mean otolith core weight was slightly greater than the
target weight in the first group analyzed (OP 700+). The following groups (OP 600-610 and OP
660-680) more closely approximated the target core weight. After a count period of 61.7 days to
89.0 days on the alpha-spectrometer for the adult samples, the counts acquired were sufficient for
determination of lead-210 activity. These groups provided greater lead-210 activity than the
juvenile samples, as would be expected for fish older than 20 years. Radium-226 activity was
measured for all samples and was similar to the results determined from the juvenile sample
groups (Table 3). The mean activity among the otolith samples was 0.0306 + 0.0056 dpm-g™' (n
=5, 1 SD). Each adult group provided a unique lead-radium ratio that was used to determine
radiometric age. To compare the estimated age-at-length (roughly derived from the Ralston and
Miyamoto (1983) VBGF) with radiometric age in the lead-radium ingrowth plot, ages of 10, 16
and 18 years were used for the three adult groups (smallest to largest). The age discrepancy
exemplified by an inaccurate fit of those data to the lead-radium ingrowth curve indicated the
ages of these large fish were greater than originally estimated (Fig. 12).
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Lead-radium dating of the adult otolith groups provided a mean age for each group. Once
corrected for the time since capture (0.7 to 1.9 years), the age of fish in the groups increased as
expected with increasing mean fish length (Table 4). The smallest group was more than 18 years
old and the largest fish group was greater than 34 years old. Projecting the vertical error bars (2
SE) horizontally to the ingrowth curve provided the range of age estimate uncertainty.

Bomb Radiocarbon Dating

The MHI otolith samples selected from the largest fish recently collected in 2007-2008 were
primarily from Niithau and Kauai, with one from southeast of Oahu at Penguin Bank
(n =7, Appendix E). These samples provided A'*C values from core material that ranged from
111.0%o to 128.1%o (Table 5). Based on a projection of the measured A'*C levels from the year
of collection 